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Motivated by the recent hints from ATLAS and CMS we study the phenomenology 
of a general class of "Private Higgs" (PH) models, in which fermions obtain their 
masses from their own Higgs doublets with 0{\) Yukawa couplings, and the mass 
hierarchy is translated into a dynamical chain of vacuum expectation values. This is 
accomplished by introducing a number of light gauge-singlet scalars, the "darkons," 
some of which could play the role of dark matter. These models allow for substantial 
modifications to the decays of the lightest Higgs boson, for instance through mixing 
with TeV-scale PH fields and light darkons: in general we predict the ratios of partial 
widths to satisfy T{h VV*)^Yi/T{h VV*)sm « r(/i 77)pH/r(/i 77)sm < 1 
and T{h — )■ 66)pH/r(/i — )• 66)sm ~ C'(l), where the inequalities are saturated only in the 
absence of Higgs mixing with light darkons. If the hVV and /i77 vertices are measured 
to be smaller than expected from the Standard Model (SM) while the hhh vertex is 
measured to be within an order of magnitude from the SM value, then the PH model 
may be a viable candidate for extending the SM. 

I The Private Higgs Framework 

The Large Hadron Collider (LHC) is presently running at a center-of-mass energy of 8 TeV, 
and by the end of this year the mechanism of electroweak symmetry breaking may finally be 
established. Even if the early hints of a Standard Model (SM)-like Higgs boson with mass 
irih ~ 125 GeV [H |2] mature into a 5cr discovery, much work will have to be done before it 
is established whether the Higgs sector is that of the SM or of a more elaborate theory. For 
instance, many models of fermion masses depend on a rich Higgs sector with many scalar 
resonances. If these models are correct, then finding a light Higgs may be just an initial 
glimpse into a rich bosonic sector at the TeV scale. 

An early analysis of the present LHC signals shows that they are consistent with the SM but 
may favor a somewhat "photon-philic" and "vector-phobic" Higgs, with an increased branch- 
ing fraction into 77 and a reduced one into electroweak vectors, and an SM-like branching 
fraction into 66 [3]. A later study also suggests deviations from the SM, again with a larger 
branching fraction for h — )■ 77, but favors a "vector-philic" and slightly "gluon-phobic" Higgs 
boson |1] . Inspired by the Private Higgs (PH) framework [3 E] we study a general class of 
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multi-Higgs models that can naturally accommodate departures from the branching ratios of 
the SM. 



In the SM, the charged fermion masses arise from the Higgs doublet with vev v ~ 246 
GeV that gives mass to the and Z gauge bosons. The top mass rrit ~ 173 GeV has 
a Yukawa coupling of 0(1), and the other charged fermion masses are accommodated by 
fitting the Yukawa couplings to their required empirical values. As a result, the huge ratio 
mt/irie ~ 10^ is obtained from a huge ratio of dimensionless Yukawa couplings, yt/Ue ~ 10^, 
without any insight as to why the non-top fermions might be so much lighter than the top 
quark. 

The motivation for proposing that each fermion should obtain mass from its own "private" 
Higgs field was precisely to address this issue: the idea is that the observed fermion masses 
can be accommodated in an extension of the SM with all Yukawa couplings being 0{1). The 
PH framework is to introduce one Higgs doublet for each SM charged fermion: 



{<Pf)^= y^oj ~(2,+|)under5t/(2)x?7(l), f = u,c,t-d,sMe.l^.r . (I.l) 

These Higgs fields are assumed to have flavor-diagonal Yukawa interaction^ and hence, to 
leading order, result in a unit CKM matrixj^ In this way, each charged SM fermion / obtains 
mass only from its associated "private" Higgs doublet 0/, so the SM relation rrif = -^yf^v, 
with V ~ 246 GeV, is replaced by the PH relation 

= 7?^/"^/ , 2//" ~ 1 ^ ~ . (1.3) 

The fermion mass hierarchies are to be obtained by a hierarchy of scales in Higgs vacuum 
expectation values (vevs) rather than by a hierarchy in dimensionless Yukawa couplings: 

yr=-^r-i- (1-4) 



"'^This can be achieved by imposing a suitable discrete symmetry OE]. For example, focusing on the first 
generation of quarks for concreteness, we could impose a series of internal parities [5|: 

Kd ■■ (j)d,d,Sd -~{(t>d,d, Sd) Ku : (/>„,?2, S'„ -(<?!)„, m, ^u) 

Ki : (j)d, 4>u, , Sd, Su ~{(t>d, 0u, , Sd, Su) (1.2) 

and similarly for the second generation. For the third generation we would necessarily impose Kt, but we 
may leave it up to the reader whether to impose a ifj or a K^, so that the fields (pt, t, and (t, b) may or may 
not transform under the fiavor symmetry. These parity symmetries are broken once the scalars obtain vevs, 
and one can perform a phenomenological analysis 5 to understand what is required to generate a realistic 
CKM matrix. 

^For example, non-zero CKM angles could arise at one loop [10l[Tl]. A typical contribution to the down- 



type mass matrix Md would be of the form -f^^mt-^ In where a; is a product of dimensionless couplings 

and possibly fermion mass ratios, is a combination of vevs or dimension-3 couplings, and Af>.< are the 
masses of the two heaviest particles running in the loop. If the heavy masses do not come predominantly 
from the Higgs mechanism, then the heavy particles generally contribute negligibly to LHC processes such 
as gluon-gluon fusion and can be ignored safely. 



2 



These models also include SM-singlet real scalaij^ fields: 

~ (1, 0) under SU{2) x f/(l) , x = 1, Ns (1.5) 

one of which may serve as a stable dark matter candidate [6l [7] depending on the particu- 
lar implementation of the PH framework. The original PH model proposed Ns = Nf, the 
number of charged fermions in the SM. Here we will distinguish between two numbers: the 
total number of scalars, Ns, and the number of "light" scalars, ns, which will mix substan- 
tially with the SM-like Higgs boson. In the spirit of generality we will study the "minimal" 
nontriviaj^ case = 1 explicitly, and make general statements about an unspecified number 
ns > 1 when appropriate. 



One usually expects the mass of a Higgs boson to be of the order of its vev, and so a 
phenomenological challenge for any proposal involving SU (2) doublets with small vevs is to 
explain why such doublets have not yet been observed. In the PH model, the mass Mf of 
each non-top[^PH doublet (j)f obeys the following scaling relation: 



m 

M] if^t) (1.6) 

ruf 



The in the numerator of Eq. (1.6) denotes a (flavor-dependent) parameter with dimen- 



sions of mass cubed, whose particular value is in general model-dependent but in the PH 



case is proportional to the vevs of the SM-singlet scalars in Eq. (1.5). This is why the model 
requires various TeV-scale singlets. In particular, one may induce the negative mass-squared 
instability that breaks SU{2) x f/(l) through the vevs of the fields. 



The important relation Eq. (1.6) implies that Higgs doublets with small vevs (associated with 
light fermions) have large masses, which explains why they have not yet been observed]^ Of 
course, as is usually the case in models beyond the SM, there are numerous unknown pa- 
rameters in the model, and we have explored only one particular region of the theoretically 
available parameter space. The reader is invited to extend the idea of "privacy" to a different 
phenomenologically interesting regime. 



To maintain generality we will not commit ourselves to a particular high-energy realiza- 
tion of the PH paradigm, but instead we will study the generic phenomenological features of 

^For simplicity we will assume these are all even under parity. 

''it is consistent with the PH framework for all SM-singlet scalars to have masses as large as ^ TeV, in 
which case they may not mix substantially with a light Higgs boson with mass nih ^ 125 GeV. In practice 
this can always be deduced from our study of the ns — 1 case simply by taking the scalar mass large, or 
equivalently by setting the appropriate mixing angle to zero. 



^The implementation of the PH framework in the original model allows for the relation Eq. (1.6) to hold 
t as well: if 



for f = t as well: if to v ^ mf, then we have simply M-t ^ nit ^ 10 GeV, just as in the SM. It should 
be noted that a careful treatment of the relation Eq. (1.6 1 involves only positive-definite numbers, i.e. mj 



and Mf are the physical mass es o f fermion / and PH field / . 

^Note that Eqs. (1.3) and (1.6) predict that the hierarchy in Higgs masses is related by a square root to 
the hierarchy in fermion masses, so that the severe hierarchy TOe/toj ^ 10~^ is softened to a milder relation 
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these types of models. The simplest implementation of the top and bottom quark sector of 
the theory is discussed in Section ITTl the effective Lagrangian for Higgs physics at the LHC 



is discussed in Section |11I[ and a conclusion is presented in Section |IV) For the interested 
reader, a generalization of the Private Higgs model is discussed in Appendix [A], from which 
all results in Sections |T III can be derived and further extended to accommodate high-energy 
completions of the PH framework which may differ from the original proposal. 



II Top and bottom sector: a new 2HDM+S 



In view of the PH scaling relation Eq. (1.6) let us assume that all Higgs doublets besides the 
top-Higgs {(j)t) and the bottom-Higgs (0f,) are heavy enough to decoupl^from all TeV-scale 
processes at the LHC. For simplicity, we will first specialize to the case of only one light 
SM-singlet scalar: = 1. In particular, we assume that the "bottom" scalar, Sf, = S, mixes 
substantially with the light Higgs, while the other scalars are too heavy to be important]^ 
The more general case is discussed in Appendix |Xj 



The (relatively heavy) bottom Higgs has a Lagrangian of the formQ 

/:heavy = D<f), - M^4<f), - {fj, + h.C.) + 0{4<Ph? (11-2) 

where we have defined the field-dependent effective mass-squared 

= Ml + Tt<p\<Pt + \TsS'' (II.3) 
and the field-dependent effective source that couples to (ph- 

j, = (/x + 75)50* + i/r(^)&- (n.4) 



^Note that, in contrast to the usual muhi-Higgs models, the decoupling limit — ?> oo for heavy PH fields 
remains well-defined within perturbation theory. This is because > is a high-energy parameter that we 



fix as input, which in view of Eq. (1.6) induces a small vev v ^ ^ M in the potential at low energy. In 

contrast, the usual double-well potential would have < be a low-energy (unphysical) parameter, and 
the induced physical mass would he m v ^ (— M^)^/^. Of course, this argument is somewhat formal since 
in our model the PH fields must have an upper limit to their mass in order to give the correct SM fermion 



masses [see Eq. (H.8)]. The point is simply that the requirement is fixed by data, not by the validity of 
perturbation theory. 

*In the spirit of the original model, we might want to also include a light "top" scalar, St, in addition to 
Sb- It is possible to realize the PH framework by taking the mass-squared parameter of <j)t to be negative, in 
which case its vev and mass are obtained essentially in the same way as in the SM. Thus we do not necessarily 
require a light top scalar, S't, and in the interest of generality we first study the minimal case, = 1, for 
which simple exact analytic expressions can be obtained. 

^In this paper, somewhat contrary to standard notation, the symbol always denotes the explicit 2-by-2 
matrix 

q' /IX ( ^{c^ - s^)Zf, + sAa -7^W+\ 
D,^d,- ^gYJ, , ^ ila^) + ^-B, = ' , (H.l) 

rather than the more general notation -Dp<f> — [d^ — wY1\ = i^11{'^rY ~ w' B^{+kI)]^ for any field $ 
transforming in the representation {R,k) of SU{2) x U(l). 
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We emphasize that, in contrast to the usual negative mass-squared term for a Higgs field, 
the quantity > in Eq. (II. 3) is (to leading order) the actual squared mass for the phys- 
ical particles of (pb- Note that the imposition of a Z2 parity S — ?■ —S would forbid the bare 
dimension-3 coupling fi, as in the original proposal |5l |6] , but promoting S* to a complex scalar 
field and changing the Z12 to a Z3 could permit a term of the form S(j)t4'b in the Lagrangian 
[12] . For simplicity we will assume that the parameters /i and 7 are real. 

Let us consider energy scales E < Mb and perform the path integral over (pb in the Gaussian 
approximation [13]. Dropping terms of 0{J'^ /M^), we find a leading order contribution to 
the effective Lagrangian for the light fields: 

PH ' 



^ ''-light 



1 



(11.5) 



The main feature of Eq. (]II.5|) is the effective Yukawa interaction for the bottom quark: 

(11.6) 



When the light fields obtain vevs, 



Mi 



the bottom quark gets a mass: 



rrib 



Ml ^ 



(11.7) 



(11.8) 



where Ml = (M^) [see Eq. (II.3)]. The above expression for rub is the explicit realization of 
Eq. (1.3) for this class of PH models (and similarly for the other non-top charged fermions, 
with the replacement 6 — > /). We will refer to the physical a field as a "darkon" (irre- 
spective of whether it possesses the appropriate properties to constitute the dark matter of 
the universe). The presence of a light darkon may suppress interactions with SM particles 
[T^ [15] or contribute nontrivially to the invisible width of the Higgs if allowed kinematically 
[I61[I71[I81[T9]. 



While the bottom quark (and the other light charged fermions) obtains mass as in Eq. (II.8) 
the top quark obtains a mass in the usual way: 



Yuk 



-yt 



jt + h.c. = —rrittt + ... + h.c. , nit 



V2 



ytvt 



(II.9) 



^"We fix a gauge in which the pseudoscalar and charged components of (pt are set to zero. 
^"'^The other non-top fermions get mass in the same way, each from its own PH field. By saying that the 
heavier PH fields "decouple" from all ^ TeV-scale processes, we mean that their masses are significantly larger 



than a TeV. However, as shown in Eqs. (H.5) and (H.8), and more generally in Eqs. (A. 12) and (A.I6I, their 
0{A4J^) effects clearly have observable consequences for low-energy physics. The content of our assumption 
is that, other than inducing light fermion masses, their effects are subleading to the other effects we discuss 
in the present section. 
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As can be seen from Eq. (II. 6), the nontrivial dependence on 



t and S in the field-dependent 
Putting the ex- 
pansions of Eq. (II. 7) into Eq. (II. 6), we find, in the absence of mixing between Ht and cr, 
the interactions: 



parameter will induce a deviation from the SM-like Higgs vertex hbb 



rUb 



Htbb 



r 



Vt 

C„bb = -^b <ybb + h.c. 



Ml 



HM + h.c. 



(11.10) 
(11.11) 



where Af, is a dimensionless effective parameter whose particular form will not concern u^^ 
If Ht and a do not mix, then Ht serves as the SM-like Higgs boson, and only Eq. ( II.10[ ) is 
important. The effective Yukawa coupling in Eq. (11.10) exhibits a deviation of 0{vt/M^) 
from the SM-like hbb vertex. Note that the dimensionless parameter Ft can have either sign, 
so that both a larger and smaller hbb vertex can be accommodated. 



In general, however, the scalar potential may induce nontrivial quadratic mixing between 
the Higgs field Ht and the singlet field cr. The fields are rotated into their mass eigenstate 
basis by a 2-by-2 orthogonal matrix V: 



Ht 



a 



V 



V 



COS 6 — sin 6 
sin 6 cos 6 



9 = |tan"^ 



m 



Ht 



nit 



(H.13) 



where = d'^V/dvt^ ml = d'^V/dvg, and = d'^V/dvsdvt, and V is the effective scalar 
potential for the light fields, including the additive contribution^^ from Eq. (II.5). In this 
case we write Ht = cos 6 h + ... and a = sin 6 h + ... and find an effective hbb interaction: 



hbb 



Vt 



1-Tt 



Ml 



cos 9 + Ab sin 9 > hbb + h.c. 



(11.14) 



cos^, as can be seen from Eq. (II.9). 



Moreover, the mixing matrix of Eq. (11.13) induces a suppression of the htt vertex by a factor 



In the spirit of the original model, one might also wish to include the mixing with the 
"top" scalar, St = {St) + <7t, leading to a 3-by-3 orthogonal matrix V which in general de- 
pends on three mixing angles, like the CKM and PMNS matrices for quarks and neutrinos, 
respectively. Instead of treating the general case, let us study the simplifying ansatz of a 
3-by-3 orthogonal mixing matrix which also happens to be symmetric, and therefore depends 



Using Eq. (A. 19 1 with 7^5 = 1 and f — b, wc find: 



Ah 



1 PH 



Ml 



"fVS 



'Ml 



(11.12) 



-'^^In view of Eq. (II. 5 1, the off-diagonal part is at least of order ~ {^j^)'^vsvt, which may or may not be 
negligible depending on the region of parameter space of interest. 
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on only two independent mixing angles, a and /3 [20l [2T] . In this case, we write 

(H\ lh\ l\-2[p?^0^) la 2/3 \ 

crt =V X , 2« -l + 2a2 2«/3 + /3^ a'/?, a/3') 

VaJ VW \ 2/3 2a/3 -1 + 2/37 

(11.15) 

where a ~ {St)rn}j/ {mlj^ ~™lt) and /3 ~ {Sb)mh/ {mj^^ have been taken somewhat less 

than 1. For example, if (St) ~ (Sf,) ~ t> ~ 10' GeV with and mg-^ being non- degenerate 
with rriHt, then we have a ~ /3 ~ mb/f ~ 10~', in which case Higgs-darkon mixing is small. 
If the darkon masses are close to mnt, then the angles a and /3 could have non- negligible 
effects on the Higgs interactions. 



For the general case of > 1 SM-singlet scalars, the mixing matrix V is promoted to a 



1^1 + n5')-by-(l + ns) orthogonal matrix, and the effective Yukawa interaction of Eq. (11.11) 



should be replaced by a sum over darkon species: Afecr — )■ ^^ = 1 ^b^^- [^^^ ^'i^- (^-14) 



and (A.18). 



Having derived the hbb vertex, we are now in a position to discuss the effective Lagrangian 
for Higgs phenomenology at the LHC 



III Effective Lagrangian for Higgs physics 



The low-energy effective Lagrangian for Higgs phenomenology at the LHC can be expressec 
in the convenient form [Ij 



t-eS — CW 



^ V blTV 



a 



TTV 



hF^,F'^^-J2cf-^h{ff+h.c.) . 



(IH.l) 

In the PH model, the only spin-0 fields charged under SU{2) transform as doublets, just as 
in the SM, so the hWW and hZZ interactions are modified by a common factor: 



cw = cz = Cv 



(III.2) 



The effective Lagrangian of Eq. (III.l) is written for energies below rrit, for which the top 
quark has been integrated out. There is also a cubic interaction between the Higgs and the 
darkon fields, of the form hxx [see Eq. (11.13)], which contributes to the invisible width of 
the Higgs if < \mh ~ 63 GeV. 

For a light Higgs boson with mass irih < 2my/, the decay into hh dominates the width 
into SM particles. From Eq. (11.14) we find the effective coefficient: 

ns 



Cb 



2 \ 



(III.3) 



*The general expression arises from Eqs. (A.ll |-( A.13). 
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In Eq. (III. 3) we have generalized the situation of Section |TT] to accommodate ns > 1 light 
darkons, with a (1 + ns)-hj-{l + ns) orthogonal mixing matrix V that diagonalizes the mass- 
squared matrix of the CP-even spin-0 states {Ht, ai, cr„^) 



through the 1-loop exchange of a top quark, which is proportional to the htt vertex 



The hGG vertex arises primarily 

From 



15 



Eq. (II. 9) we see that the only deviation from the SM process arises through the Higgs-darkon 



mixing matrix V of Eq. (11.13). The coefficient Cf^h,t for the other light SM charged fermions 
can be obtained by the replacement 6 — > / 7^ 6, t in Eq. (III. 3). 



The /177 vertex arises through the competition between the 1-loop exchange of a W with 
the same top loop that contributes to hGG. It is of critical importance to note that the 
two contributions enter with opposite signs, and that the W contribution dominates. The 
vertices involving W bosons arise from the kinetic term \D(f)t\'^. The interactions contained in 
this term are modified relative to the SM only by the mixing of the Higgs with the darkons, 
or in other words only by a factor of the mixing matrix V. Thus, in view of the previous 
paragraph, the leading deviation of the hVV vertex from the SM contains exactly the same 
factor as the deviation from the htt vertex. 



In principle there is also a nontrivial contribution due to the lightest charged Higgs bo- 
')^. The sign of the coupling Tt in Eq. (II. 3) is not fixed a priori, so it is possible 



son, 



for the charged Higgs contribution in our model to add either to the dominant contribution 
from the W and thereby enhance the rate, or to the sub-dominant contribution from the top 
and thereby decrease the rate [25]. However, even for a relatively light bottom-Higgs, this 
contribution is at most an 0{1%) effect and is therefore negligible. 



Thus in our model the effective coefficients modifying hWW, hGG, and h'j'j are related 
to those of the SM by a common factor: 



Cy 



Vth. 



(III.5) 



For the case ns = 1, this is simply the factor cos^^ from Eq. (11.13). In general, provided 



the darkon masses are close enough to the Higgs mass, the element Vth can be decreased 
significantly from unity, which would suppress Higgs production from gluon-gluon fusion as 
well as the partial widths r{h — > VV) and r{h — )■ 77). 
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As a reference, the SM Higgs branching fractions for nih — 125 GeV are 0: 

B{h^bb) = 58%, B{h^ WW*) = 21.6% , B{h ^ t-t+) = 6.W0 
B{h^ ZZ*) = 2.7% , B{h ^ gg) =8.5%o , B(/i ^ 77) = 0.22% 



(III.4) 



and the total width is r{h all) « 4.0 MeV. Many thorough reviews of Higgs phenomenology can be found 
in the literature [22 l l23 l [24] . 

^^Denoting the contribution from a spin-0 charged particle (p whose mass arises predominantly from the 
Higgs mechanism by the standard notation Ao(r0) (see, e.g., Eq. (2.9) in ref. [HI), we may compute the 
contribution from our PH field (j)^ by the replacement Ao{t^) [-y=.Ttv'^ /{2M^)]Ao{t^) ^ lO^'^Tt/iMb/v)'^ , 

where we have used Ao{0) = Thus, comparing to the W contribution Ai{tw) ^ —10, we find 
\Ao{T(I,)/Ai{tw)\ lO^^Tt/iMb/v)^ . So even for a relatively light PH, e.g. Mt ~ 3u, and a large cou- 
pling Ff ^ 47r ^ 10, the charged Higgs contribution is only ^ 1% of the W contribution. 
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To gain intuition for the effect of Higgs-darkon mixing, consider the case for which there 
are > 1 hght darkons whose mixing angles and parameters are all independent of darkon 
flavor. Then the orthogonality relation V^^^j + 1 V^^ = 1 implies Vxh = — Hh)/"^-? '' 
and Eq. (III.3) can be rewritten in terms of Eq. (III.5): 





(III.6) 



where we have defined c[°^ = limV(^-s>i,v^h^o Cb and taken 



A^^ = Af to be 



independent of darkon flavor. The arrow in Eq. (III.6) corresponds to taking cy — )■ while 



keeping the number of light darkon species ns fixed. 



IV Discussion 

We have studied a general class of multi-Higgs models in which each SM fermion obtains its 
mass TTif only from an associated "private" Higgs doublet whose vev satisfies Vf ^ rrif and 

— 1/2 

whose mass scales as Mj ~ rrij- . Motivated by the recent hints of an SM-like 125 GeV 
Higgs boson with modified rates into SM final states, we have integrated out all non-top 
Higgs fields and studied the effective field theory at low energies. 

Perhaps surprisingly, the LHC phenomenology for this class of models can be generally sim- 
ilar to that of the SM. The main distinctions are small deviations from the SM-like hff 
vertex ~ nif/v, and a possible overall suppression of Higgs decays due to the presence of 
light SM-singlet "darkons" which mix with the Higgs. In relation to the SM, this class of 
models favors: 

• T{h —7- VV*)pii < T{h — 7- VV*)sM, where the inequality is saturated only if the Higgs 



does not mix with any light, CP-even SM-singlet scalar [see Eqs. (11.13) and (III.5) 



PH ~ r(/;, — 7- bb)sM, where the rate is generally comparable to the SM but may 



receive 0{1) corrections due to the rich structure in the Higgs potential [see Eq. (III.3)] 



T{h — )■ 77)pH < r(/i — 77)sM, where the rate is essentially proportional to the partial 



width T{h VV*) [see Eqs. (II.9) and (III.5)] 



Here we quote the partial widths because they follow directly from the effective Lagrangian 
of Section [In} To deduce the implications for the LHC, one computes the branching fractions 
B{h — X) = r{h — > X)/r{h all) and multiplies by the inclusive cross section for Higgs 
production. A reduction in T{h ^ bb) will reduce the total width F/j = r(/i — )■ all) and 
thereby increase the branching fraction into VV* and 77. For example: 

5(/^^77)pH /rsM\ 

F(/i — 77)pH n\T T\ 



B{h ^ 77)sM Vrry r(/i -> 77)sM 
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It is perhaps worth noting that, in our model, a decrease in Th due to a suppression of the 
hbb vertex can be compensated by allowing for a nonzero invisible width into darkons. Thus 
it is possible to have ^ T^^, in which case a ratio B{h ■yy)p}i/B{h 77)sm 7^ 1 



would arise purely from the modified vertex in Eq. (III.5) 



We see that the issues of principal importance for distinguishing Private Higgs models from 
the SM or other multi-Higgs extensions using only sub-TeV observables are a precise mea- 
surement of the hbb vertex and the interplay between collider measurements of the hWW 
vertex and dark matter experiments that constrain the presence of light spin-0 SM-singlet 
scalars. 



As the energy of the LHC is increased to its original design of ^/F = 14 TeV, it may become 
necessary to include the lightest "heavy" Higgs bosons in the model, namely those arising 
from the bottom and tau sectors, (pb and (pr, as fully propagating degrees of freedom. In 
this case the phenomenology becomes extremely rich, not only due to the presence of heavy 
CP-even Higgs bosons but also due to the presence of the physical pseudoscalars Ah, and 
charged Higgs fields ip^^cpf. The discovery or exclusion of new heavy spin-0 degrees of free- 
dom at higher energies will help establish whether the Private Higgs framework plays any 
role in the generation of fermion masses. 



Note added: After this paper was written, the CMS and ATLAS collaborations announced 
their much anticipated discovery of a spin-0 resonance with mass m ~ 125 GeV, which could 
be the SM Higgs. The PH model remains a viable candidate for physics beyond the SM, 
in particular since more data is needed to measure the hbb vertex precisely. An intriguing 
possibility is that the early "hints" of an excess in the diphoton channel may turn into a 
statistically significant signal of new physics. In view of Section IV, such an excess cannot be 
explained by the PH model alone without also modifying B{h — )■ VV*). However, extending 
the PH model to accommodate radiative neutrino masses may provide a natural explanation 
for the excess, due to the inclusion of S'[/(2)-singlet, complex scalar fields hf,...,h^ with 
electric charge Q [6l [26] . These so-called "Zee bosons" would contribute to /;.—)■ 77 at one 
loop without modifying gg ^ h and h — )■ VV*, and they can interfere destructively with the 
top loop provided that their coupling to the Higgs has the correct sign. 
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A General multi-Higgs model with SM singlet scalars 

This appendix is devoted to a generalization of the Private Higgs models and a derivation of 
the results of the main text, which should be useful for future work. 

Let (f) ~ (2,+^) denote a collection of SU{2) x f/(l) Higgs doublets, and S ~ (1,0) a 
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collection of SM-singlet rea|^ scalars, which we split into "heavy" and "light" fields as fol- 
lows: 

{0a}a = i ^ "heavy" with > , 
{0a}:=i, ^ "light" with |vev| < M . (A.l) 

The positive for the heavy Higgs fields implies that we can integrate them out and leave 
behind a low-energy effective theory [13] involving only the fields (pa and Sx- We make no a 
priori assumption about the signs of the mass-squared terms for the n light Higgs fields or the 
Ns scalars. In the original model [5] the choice was made to induce electroweak symmetry 
breaking purely from mass-squared instabilities for the Sx fields, but in general this is not 
necessary. Here we will take all SM-singlet scalars to be light enough to mix substantially 
with the light Higgs bosons, and so in this appendix we take ns = Ns, using the notation 



introduced below Eq. (1.5). 



We begin with the kinetic, "mass," and "source" terms for the heavy Higgs doublets: 

N 

Aeavy = [p^D^ D(j)A ' MIA^A ' {j\ct>A + h.C.)\ (A.2) 

A = l 

Here we have defined the field-dependent effective mass-squared, 

J2 ^A<P% + h.c. + i 5^ (A.3) 

a,b=l / x,y = l 

and the field-dependent SU (2)-doublet source, 

n ns / ns \ 

(^^)^ = E E + E ^alSy {ct>a)^Sx + {JT)^ • (A.4) 

a = la; = l\ ?/ = l / 

It will be convenient to define the field-dependent cubic coupling 

ns 

f^:A=f^lA + J2^^-ASy (A.5) 

y = l 

The most general form for the Yukawa current for the SM fermions is 

= iY.YI' (^;) d, + {Y.y/ (^jy 4 + (y,)f (^J^ -e, (A.6) 
where / = 1, 2, 3 and /' = 1, 2, 3 label the fermion family. 



^^If need be, the real scalars can be packaged into a collection of ^ns complex scalars, e.g. for ng = 2k: 
Sx = ^^('S'a; + "iSx+k)- For simplicity we will assume that all Sx are even under parity. 
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For energy scales E -C min({M^}^^^), we may safely integrate out the heavy Higgs fields 



to get an additive contribution to the Lagrangian for the light degrees of freedom^ 

N 



^ ''-light 



The low-energy Lagrangian 



A = l 



-'-light 



D^D - Ml 



-flight + ^-^hght 



A)j 



(A.8) 



(A.9) 



obtains contributions _ to the kinetic terms, Yukawa interactions, and tree-level potential: 

n ns N 



A = l ^^^A 



a,b= 1 x,y = 1 



ns 



" y 
Ml 



TV 



/\rcS 



^ t^iight 



M^ 

a = l \x=l A = l ^"A 



h.c. 



n ns 



N 



E E E 

a,b = lx,y = l \A = 1 



if^lAYf^bA 



Ml 



SxSy(j)l(j)b ■ 



(A.ll) 
(A.12) 
(A.13) 



The standard Lagrangian for the light fields {0a}"^ ^ and {Sx}2= i supplemented with Eqs. ( A.ll )- 
(A.13) and the field-dependent parameters of Eqs. (A. 3) and (A.5) all together constitute 
the TeV-scale physics of the generalized Private Higgs models. 

In these equations we have dropped all covariant derivatives except for the 0{D'^D) con- 
tribution to the kinetic term, which in principle will induce a wavefunction renormalization 
for the light fields. In general, this "Z-factor" will be a non-diagonal matrix in the (n + ns)- 
dimensional fiavor space of light neutral bosons. Moreover, the mass-squared matrix for the 
CP-even sector will be a non-diagonal (n -|- ?7,5)-by-(n + ns) real symmetric matrix. Diago- 



The inverse derivative is to be understood perturbatively: 

{D^D - Mir' fix) = ^ [fi^) + D^D [MX'fix)) + D (aI^^ D (AIJ^f{x))) + 



(A.7) 



"'^^The contribution to beyond-SM flavor changing processes come from the effective four-fermion interac- 
tions: 

N 

TYuk\tl * , jYukx 



1 



y 

A = l 



(A. 10) 



If only one flavor of fermion couples to each heavy Higgs 0^, then the interactions of A£|^yQj. are diagonal 
in flavor and do not pose any phenomenological problems in the model. 
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nalization will result in the following generalization of Eq. (11.13): 



/HA 




/ h \ 


Hn 

0-1 


= V 


Xi 






\ Xns / 



(A.14) 



where V is now an orthogonal {n+ns)-\:)Y-{n+ns) matrix. The labeling of the mass eigenstates 



in Eq. (A.14) is meant to indicate that the lightest "mostly Higgs" field is the SM-like Higgs 
boson and the heavier "mostly Higgs" (CP-even) fields are Hi, ...jHn-i- The "mostly 
singlet" fields are Xi,...,Xns) organized by the relative sizes of their masses. However, no 
assumption is made about the masses of the h and H fields relative to the masses of the 
darkon fields: any number of the darkons could in principle be lighter than rrih ~ 125 GeV. 



In this more general case, the Higgs-darkon decoupling limit corresponds to 

V — > y ^ (Higgs-darkon decoupling limit) (A. 15) 

where Vh is an n-by-n orthogonal matrix and Vs is an ns-hj-ns orthogonal matrix. 



The particular example we ta ke in Section HI is A = d, s, b; u, c; e, /i, r (and = 8) and 
Y^^ = Ha ^a^^^ [see Eq. (A. 6)] for the heavy Higgs fields, and a = t (and n = 1) for the light 



Higgs field ( "top-Higgs" ) . 

The non-top fermions obtain their masses from the effective Yukawa interactions obtained 



by integrating out the non-top private Higgs fields [see Eq. (A. 12)]: 



f^tfi^) 1 ,,PH 



(A.16) 



As in the main text [below Eq.(II.8)], we have defined the shifted value of the effective 
mass-squared Mj = (M|) = MfT^Tfv^ + I Ylxv ^7{S^)^Sy) ^nd of the cubic coupling 
P'tf = if^tf) = l^tf + E7=iltf{Sy)- [See Eqs. (Of and dg, respectively.] 



The hff vertex for the light fermions f ^ t obtains two types of contributions from the 



effective Yukawa interactions of Eq. (A. 12). First there is the term proportional to Ht, which 
reproduces the SM-like interaction plus a small correction due to quartic interactions in the 
high-energy scalar potential of the form V 



Htff 




1 -r 




Htff + h.c. 



(A.17) 
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The second type of contribution comes from the terms in Eq. (A. 12) that are hnear in darkon 
fields Ox before diagonahzing the CP-even scalar mass-squared matrix: 



ns 



(A.18) 



x = l 



where the dimensionless effective darkon-fermion Yukawa coupling Aj is: 

ns ~y ( / -I ^5 \ 



(A.19) 



Using the rotation matrix in Eq. (A. 14), we deduce from Eqs. (A. 17) and (A.18) the effective 
hff coupling: 



ns 



1 -r 



(A.20) 



x = l 



This is the expression from which the hbb vertex is obtained in Eq. (III.3). 
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